Differential transport of Influenza A neuraminidase signal anchor peptides to the plasma membrane  by Ernst, Andreas Max et al.
FEBS Letters 587 (2013) 1411–1417journal homepage: www.FEBSLetters .orgDifferential transport of Inﬂuenza A neuraminidase signal anchor 
peptides to the plasma membrane 0014-5793/$36.00  2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved. 
http://dx.doi.org/10.1016/j.febslet.2013.03.019
⇑ Corresponding author. Fax: +49 622 54 4366. 
E-mail address: britta.bruegger@bzh.uni-heidelberg.de (B. Brügger).Andreas Max Ernst, Sonja Zacherl, Alexia Herrmann, Moritz Hacke, Walter Nickel, 
Felix T. Wieland, Britta Brügger ⇑
Heidelberg University Biochemistry Center, Im Neuenheimer Feld 328, 69120 Heidelberg, Germany 
a r t i c l e i n f oArticle history: 
Received 19 December 2012 
Revised 8 March 2013 
Accepted 12 March 2013 
Available online 21 March 2013 
Edited by Hans-Dieter Klenk 
Keywords:
Inﬂuenza A
Neuraminidase
Transmembrane domain 
Trafﬁckinga b s t r a c t
Inﬂuenza A Neuraminidase is essential for virus release from the cell surface of host cells. Given dif- 
ferential structures of the N-terminal sequences including the transme mbrane domains of neur- 
aminidase subtypes , we investigated their contribution to transport and localization of subtypes 
N1, N2 and N8 to the plasma membrane. We generated consensus sequences from all protein entries 
available for these subtypes. We found that 40N-terminal the forty N-terminal amino acids are suf- 
ﬁcient to confer plasma membran e localization of fusion proteins, albeit with different efﬁciencies.
Strikingly, subtle differences in the prima ry structure of the part of the transmemb rane domain 
that resides in the exoplasmic leaﬂet of the membrane have a major impact on transport efﬁciency,
providing a potential target for the inhibition of virus release. 
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved. 1. Introduction 
Inﬂuenza is an infectious disease that affects mainly higher 
eukaryotic hosts and is caused by RNA viruses of the family Ortho-
myxoviridae. Members of this family have a common architectur e, 
consisting of a viral membrane envelope wrapped around a central 
proteinaqueou s core. The latter accommodates a segmented 
negative-sens e viral RNA genome and other viral proteins that con- 
dense and protect them (reviewed in [1]). The major glycoproteins 
of the envelope are the glycoproteins hemagglutini n (HA) and 
neuraminidas e (NA) [1]. Inﬂuenza A virus binds to the plasma 
membrane of host epithelial cells by the interaction of HA with sia- 
lic acid residues of host cell proteins and lipids [2]. This adhesion 
process is followed by endocytosis, replication of the viral genome 
and synthesis of viral proteins. The other glycoprotein of the viral 
envelope, NA, is important for efﬁcient release of viral particles 
from viral exit sites at the plasma membrane [3,4]. Similar to the 
adsorption of the virus to the host membranes for infection, HA 
ﬁrst binds to sialic acids. A sialidase activity of NA then enables 
the virus to detach from host membranes. Besides NA’s sialidase 
activity that is essential for release of newly produced virus parti- 
cles and in infection [5], recent reports hint to an additional func- 
tion in assembly and budding from host cells [6,7]. Accordingly ,antiviral drugs targeting NA primarily act in inhibiting its sialidase 
activity [8]. The membran e envelope of Inﬂuenza is acquired dur- 
ing assembly of viral particles at the apical side of plasma mem- 
branes of polarized host cells [9,10]. The plasma membrane of 
mammali an cells, in particular apical membranes of epithelial 
polarized cells, are enriched in cholester ol, glycosphingol ipids 
and sphingomyel in [11]. Importantly, the lipidome of Inﬂuenza A
closely resembles that of apical epithelial membran es, however 
shows a signiﬁcant enrichment of hexosylceram ide, most likely 
as a result of the sialidase activity of NA [12]. Numerous reports 
indicate afﬁnity of HA and NA for liquid-ord ered (lo) lipid phases 
(reviewed in [13]). For HA, palmitoylation appears to be critical 
for its association with proteins and lipids partitioni ng into li- 
quid-ord ered phases, and critically inﬂuences sorting of HA to api- 
cal membrane- targeted vesicles (reviewed in [14]) that are 
enriched in sphingoli pids and cholesterol. 
The mechanis m that mediates targeting of NA to the plasma 
membran e, however, is less understood. A contribution of its trans- 
membran e domain (TMD) to the export of full length NA was re- 
ported [15–17]. In both studies, a signiﬁcant reduction of 
budding of viral particles from the plasma membrane of host cells 
was observed with variants that contain mutations in the exoplas- 
mic moiety of the TMD of NA. As these studies were performed in 
the presence of the full length protein, it remains unclear to what 
extent parts of the stalk and globular domain of NA contributed to 
the observed export. A variant of NA full length protein with the 
TMD of NA replaced by that of the transferrin- receptor had lost 
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was characterized by a reduced transport efﬁciency to the plasma 
membrane [15]. Recent data by da Silva et al. demonstrate that the 
amino-termi nal 74 residues (aa 1–74) of Inﬂuenza subtype N1, 
strain A/WSN/33, representing the stalk and TMD portions, are suf- 
ﬁcient to targeting to the plasma membrane of mammali an cells 
and to tetramerize, as demonstrat ed by cysteine-scann ing of stalk 
region residues [18].
To study the contribution of the signal anchor of NA to its traf- 
ﬁcking to the cell surface in the absence of the stalk domain (Sup-
plementary Fig. 1), we employed surface labeling and a FACS-based 
assay [19] to monitor the extent of signal anchor-GFP fusion pro- 
teins containing consensus peptides (aa 1–40) of NA subtypes at 
the plasma membrane. In order to delineate potential structural 
elements important for plasma membrane targeting of NA, we 
compared trafﬁcking of N1 and N2, NA subtypes frequent ly found 
in human isolates, with that of N8, a subtype not relevant for hu- 
man infection. We ﬁnd that the consensus 40mers of N1, N2 and 
N8, lacking the stalk and sialidase domain of NA, are sufﬁcient
for targeting to the plasma membrane of human cells. Notably, 
the efﬁciency of transport of N1-containing fusion protein exceeds 
that observed for N2 by a factor of 5, and that observed for N8 by a
factor of 20. Mutation of the subtle architectur al differenc es be- 
tween N1 and N2 signal anchors results in diminished plasma 
membrane transport of subtype N1. 
2. Materials and methods 
2.1. Neuraminidas e subtype consensu s sequences 
Sequence queries were performed at www.un iprot.org , using 
‘‘Neuraminid ase NX’’ (X = 1–9) as query term. Data downloaded 
in February 2010. Annotated sequences were redundancy -reduced 
to 100% using the available plug-in at the website. The resulting se- 
quence clusters were truncated, retaining only aa 1–40. Using Clu- 
stalW2 and JalView 2.4 software, consensus sequences of residues 
1–40 were generated for each Neuraminidase subtype (Fig. 1, Sup-
plementary Table 2). The input for ClustalW2 alignmen t of clus- 
tered sequences of subtypes N1, N2 and N8 are listed in 
Supplement ary Table 1. TMDs were predicted using the TOPCONS 
software [20].
2.2. Constructs 
The redundancy -reduced consensus sequences of NA subtypes 
N1, N2 (frequently found in human Inﬂuenza virus isolates) and 
N8 (as avian/equine subtype not relevant to human infection) were 
purchased as synthetic genes (Life Technolo gies) ﬂanked by 50-Eco-
RI and 30-BamHI sites and subcloned to modiﬁed Clontech pEGFP- 
N1 plasmid vectors encoding for an additional carboxy-term inal 
FLAG tag downstream of the open reading frame of GFP. 
2.3. Flow cytometry experimen ts using NA-GFP-express ing, transient ly 
transfected HeLa cells 
HeLa Kyoto cells were transiently transfected with constructs 
encoding for NA consensus peptides aa 1–40 of NA subtypes N1, 
N2 and N8 as GFP fusion proteins using FuGene HD transfecti on re- 
agent (Promega; 4 ll Fugene + 1.5 lg of plasmid DNA/200 000 
cells/well in a 12-well plate) for 48 h. Intact cells were exposed 
for 1 h to a polyclonal rabbit anti-GFP antibody (Wegehingel and 
Nickel, unpublished), washed 3 times with PBS at 4 C, and were 
subsequent ly stained with secondar y APC-couple d anti-rabbit 
antibodies (30 min). Cells were again washed with PBS, and the 
dissociated with EDTA-containi ng cell-disso ciation buffer (Gibco)
for 10 min at RT. For each experime nt, 10 000 cells were analyzed on a FACSCalibur ﬂow cytometer (BD Bioscienc es) and gated for 
cells with comparable light scatter. Cells with comparable light 
scatter were included in the analysis (as shown in Fig. 2C as red 
dots). Cells with aberrant light scatter were not included in the 
analysis (as shown in Fig. 2C as black dots). The mean APC signal 
of 10 000 cells transfected with the respective signal anchor-GFP 
fusions was obtained, and the mean APC signal arising from 9 inde- 
pendent experiments (with 10 000 cells in each analysis) was aver- 
aged. Average APC signals were then normalized to N1-GFP 
average APC-signal and statistically compare d using Graphpad 
prism 5 software. 
2.4. Surface biotinylation of cells transfected with NA signal anchor- 
GFP fusion proteins 
HeLa cells grown in 6-well plates to 75% conﬂuency were trans- 
fected using 3 lg of the respective plasmid DNA and 9 ll of Fugene 
HD transfection reagent (Promega) for 48 h. Cells were washed 
twice in PBS Ca/Mg (PBS with 1 mM MgCl 2, 0.1 mM CaCl 2) and 
subsequent ly incubated in 600 ll/well of a 500 lg/ml sulfo-NHS- 
biotin solution (Pierce, buffer: 150 mM NaCl, 10 mM triethanola- 
mine pH 9.0, 2 mM CaCl 2, freshly prepared) for 30 min on ice. 
The cells were then washed in quenching buffer (PBS Ca/Mg, 
100 mM glycine), and incubate d in 600 ll/well of quenching buffer 
for 20 min on ice. The cells were washed twice with PBS (without
Mg/Ca) and incubated for 10 min with 300 ll of lysis buffer 
(50 mM HEPES–NaOH, pH 7.4, 100 mM NaCl, 5 mM EDTA, 1% 
(v/v) Triton X-100, 0.5% (w/v) deoxycholate, and protease inhibitor 
cocktail (Roche)). Cells were scraped, transferred to Eppendo rf 
tubes and sonicated for 3 min. Then, the tubes were incubate s for 
15 min with constant agitation at RT. Finally, the lysate was centri- 
fuged for 10 min at 13 000 rpm and 4 C, and the supernatant was 
retained. 40 ll of streptavidin-co upled beads (streptavidin ultra- 
link resin, Pierce) were washed twice with 300 ll of lysis buffer. 
Centrifugati on steps with beads were performed for 1 min at 
3000g and 4 C. The retained supernatant was then added to 
the beads and placed on a rotor wheel for 1 h at RT. The beads were 
spun down and washed once with wash buffer 1 (lysis buffer with 
0.5 M NaCl), and once with wash buffer 2 (lysis buffer, 0.5 M NaCl, 
0.1% NP-40). Samples were eluted with 4 SDS-samp le buffer for 
10 min at 95 C. Eluates were obtained after brief centrifugation 
at 16 000 g and RT. Input (lysate, 2.5% of total) and eluates (25%
of total) were subjected to SDS–PAGE (Bis–Tris 4–12% gradient 
gels, Invitrogen) in MOPS buffer (Invitrogen), and transferred to 
PVDF membranes via wet blot at 100 V for 1 h. An anti-GFP anti- 
body (Abcam) and an anti-mouse -Alexa700 coupled antibody 
(Li-Cor) were used for immunodet ection in a Li-Cor device. Signal 
intensities were quantiﬁed using Li-Cor software. Three indepen- 
dent experiments were performed and the average percentage of 
biotinylated material (at the plasma membrane) was normalized 
to N1-GFP signal intensities .
2.5. Confocal microscopy 
Cells were plated on a 35 mm glass bottom petri dish (MatTek
corporation ) 24 h before transfection. 48 h after transfection using 
Fugene HD transfection reagent (3 lg of the respective plasmid 
DNA and 9 ll of Fugene HD transfection reagent, Promega), cells 
were washed three times with PBS and ﬁxed for 20 min with 3% 
PFA at RT or ice-cold methanol at 20 C. Followed by three wash- 
ing steps with PBS, PFA-ﬁxed cells were permeab ilized with 0.5% 
(w/v) Triton-X-100 for 5 min at RT. In case of colocalizatio n with 
the lectin wheat germ agglutinin (WGA, Invitrogen), cells were 
not permeabilized . After washing three times with PBS, cells were 
blocked with 5% (w/v) BSA in PBS (pH 7.4) for 20 min at RT. Subse- 
quently, cells were incubated for 30 min at RT with antibodie s
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Fig. 1. N-terminal TMD consensus sequences of Inﬂuenza A NA subtypes. (A) ClustalW2 alignment of 100% redundancy reduced consensus sequences of N subtypes (549 total 
sequence clusters; Uniprot/Swissprot databases). Highly conserved residues (P90%) are depicted in dark blue boxes, residues with conversation from 65% to 89% are depicted 
as blue boxes and light blue boxed residues show a conservation of 64–50% among the aligned sequences. Quality is deﬁned as a measure of the inversed likelihood of 
unfavorable mutations in the alignment and is indicative of the physicochemical conservation of the residues within the respective column. (B) ClustalW2 alignment of all NA 
subtypes (100% redundancy reduced consensus sequences) that are relevant to human infection . IXXIIXXW-motif of N1-consensus sequence is highlighted by red box. 
visualization of the ClustalW2 raw data by Jalview 2.4. Dark blue boxes, identity of 100%; light blue boxes identity of 67%. (C) Topology of NA subtypes (aa 1–40 of consensus 
sequences). The TMDs were simulated and energy-minimized using the BallView 1.4 software as solvent-excluded surfaces according to the TOPCONS-predicted TMDs. 
Residues outside the range of TOPCONS predictions were simulated as solvent accessible surfaces. Conserved His 36 residues for N1 and N2 peptides, Lys 38 of N2, and the 
IXXIIXXW-motif in N1 are highlighted in yellow. The positions 36 and 38 of N8, which lack His and Lys, are highlighted in yellow accordingly. On the right, the sphingolipid- 
binding motif within the transmembrane domain of p24 is depicted for comparison with the IXXIIXXW-motif detected in N1. (D) Distribution of isolate sequence origin (host)
of all NA sequences that resulted in the consensus sequences of N1, N2 and N8 subtypes. (E) Expression constructs for NA consensus sequences (residues 1–40) of subtypes 
N1, N2 and N8, based on a pEGFP-N1 plasmid. CT, cytoplasmic tail (red); TMD, transmembrane domain (blue); ED, ectoplasmic domain (green); LK, linker amino acids 
resulting from the BamHI site used for subcloning signal anchors to pEGFP-N1 vectors (Clontech). GFP, only aa 1–4 of GFP (yellow) are displayed. An FLAG-tag has been added 
to the C-terminus of the GFP moiety. 
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Fig. 2. Cell surface localization of Neuraminidase N1, N2 and N8 consensus constructs in HeLa cells. (A) Neuraminidase consensus constructs (aa 1–40) were transiently 
transfected in HeLa cells using Fugene HD transfection reagent. After 48 h, the cells were ﬁxed with 3% PFA for 20 min. The plasma membrane of non-permeabilised cells was 
stained using the Alexa 647-conjugated lectin WGA. Confocal planes are given and are false-colored using ImageJ software. (B) Representative western blot analysis of surface 
biotinylation experiments in HeLa cells. Cells transiently transfected with the respective NA consensus sequences as GFP fusion proteins and GFP without signal anchor were 
surface-biotinylated and subjected to pull-down experiments using streptavidin-coupled beads. IN: 2.5% of lysis after biotinylation, SN: 2.5% of supernatant after pull-down with 
streptavidin-beads, P: 25% eluate of streptavidin-pulldown. (C) APC-coupled anti-GFP antibody staining (y-axis) as a function of GFP-expressing cells (x-axis). Representative 
FACSCalibur raw data are shown of 10 000 cells measured from a single transfection. Cells were immunostained with anti-GFP- and APC-coupled anti-GFP-antibodies. Red dots: 
cells with comparable light scatter, included into the analysis; black dots: cells with aberrant light scatter, not included into the analysis. The mean of APC ﬂuorescence intensity 
was compared in individual FACS analysis of n = 9 independent experiments (i.e., 90 000 cells/construct). (D) Comparison of material detected at the plasma membrane for 
different NA-signal anchor-GFP fusions for biotinylation experiments (n = 3) or FACS analysis (n = 9). For biotinylation (left panel) and FACS (right panel) experiments, the data are 
normalized to average signal of N1-GFP fusion protein at the plasma membrane. (E) FACS analysis of cells transfected with point-mutants of N1- and N2-GFP constructs. For each 
experiment, cells were analyzed as outlined in C. n = 3 independent experiments for signal anchor-GFP variants (i.e., 30 000 cells/construct).
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EEA1 (#sc6414, Santa Cruz) in 1:100 dilution, TGN46 (TGOLN2,
Sigma) in 1:200 dilution, GM130 (#610822, BD Transduc tion) in 
1:1000 dilution, or with an Alexa Fluor 647 conjugat e of WGA at 
5 mg/ml. After washing three times with PBS cells were incubated 
with Alexa Fluor 546 conjugated secondary anti-goat, anti-mouse ,
or anti-rabbit antibodies (Invitrogen; 1:1000) for 30 min at RT. 
Cells were washed three times with PBS. Images were acquired 
using a Zeiss LSM 510 confocal unit mounted on an Axiovert 200 
inverted microscope equipped with an argon laser beam. Image 
processing was performed using Zen 2011 and Image J software. 
2.6. Statistics 
Data were analyzed using GraphPad Prism 5 software. Results of 
two-tailed, unpaired t-test are indicated by: not signiﬁcant (ns)
(P > 0.05), ⁄(P < 0.05), ⁄⁄(P < 0.01), ⁄⁄⁄(P < 0.001).3. Results 
3.1. Differences within the transmem brane domain consensus 
sequences of Neuramini dase subtypes 
To delineate the architecture of the transmemb rane domains of 
Inﬂuenza A NA, a database search of isolates was performed. For 
each of the nine subtypes, fully annotated and sequenced NA vari- 
ants were 100% reduced for redundant database entries, and the 
resulting sequence clusters were grouped and processed as single 
sequence variants of the respective subtype (Supplementary Ta- 
ble 1). The sequence clusters of the respective NA subtypes were 
then processed with ClustalW2 software in order to obtain consen- 
sus sequence s of the redundan cy-reduced datasets. Subsequently, 
ClustalW2 alignments of the TMD-containi ng initial 40 amino 
acids of each of the nine consensus subtype sequences were per- 
formed in order to gain insight in the common architecture of 
the transmemb rane domains (Fig. 1A). At the amino-terminus ,
we found 100% conservation of aa 1–6 (MNPNQK) in all subtypes. 
This cytoplasmic peptide appears to be crucial for virus growth and 
morphology of viral particles [15]. For subtypes N1 to N6, conser- 
vation stretches to aa 11 with the sequence IITIG, after which con- 
servation between the subtypes is lost. For the subtypes N7, N8 
and N9, there is little conservation beyond aa 1–6. Next we 
grouped the consensus subtype peptides for all variants relevant 
for human infection, i.e. subtypes N1, N2, N3, N7 and N9 
(Fig. 1B). In addition to the conserved aa 1–6, a conserved His res- 
idue at position 36 (His 36) and a highly conserved Lys residue at 
position 38 (Lys 38) stood out in the alignment. Interestingly, sub- 
type N1 showes some unique features within its N-termin al se- 
quence: in contrast to the other NA subtypes relevant in human 
infections, we found Lys 38 replaced by an apolar Ile residue in 
subtype N1. In addition, only N1 displays a unique sequence fea- 
ture at its C-terminus, i.e. a Trp residue at position 33, as well as 
a cluster of Ile residues at positions 26, 29, 30, and 32. This IXXIIX- 
IW assembly is located at the head-group-hyd rocarbon chain inter- 
face of the predicted transmembran e domain, and is reminiscent of 
the sphingolipid -binding motif detected in the TMD of the vesicu- 
lar membrane protein p24 [21] (Fig. 1C). Furthermor e, this assem- 
bly – together with the conserved His36 residues – results in a
putative interface for interactions with sphingolipid s that resides 
in the C-terminal part of the transmembran e domain, and is hence 
located at the exoplasmic membrane leaﬂet, facing the bulk pool of 
sphingolipid s. N2 also contains a cluster of beta-branch ed residues. 
However, in contrast to subtype N1, this cluster and the conserved 
residues His 36 and Lys 38 are not oriented to the same face of the 
TMD (Fig. 1C).As subtypes N1 and N2 are the most frequent ly encountered NA 
subtypes relevant for human infection, we analyzed the isolate 
source for the non-redund ancy reduced sequence inputs 
(Fig. 1D). N1 and N2 were predominantly isolated from human 
hosts (70% and 90%, respectively ), although a signiﬁcant portion 
of N1 sequences (30%) was isolated from avian hosts. 
Notably, a tendency for host-speciﬁc sequence variants of the 
respective subtypes was not observed for residues 1–40, as identi- 
cal sequences appeared e.g. for N1 subtype in both avian and hu- 
man hosts. According to a recent report it is more likely 
alternatin g stalk lengths of NAs that correlate with host speciﬁcity
[18]. A few reports suggest a contributi on of the TMD of NA to traf- 
ﬁcking [15–18]. In all such cases, speciﬁc N1 isolate sequences but 
not consensus sequences were investigated . Based on the differing 
N-termin al sequence features of subtypes N1 and N2, and the fre- 
quent occurrence of N1 in recent pandemic Inﬂuenza A strains, we 
compare d the efﬁciency of plasma membrane targeting of the con- 
sensus sequence peptides that represent the TMD-containi ng resi- 
dues 1–40, and hence do not contain the signals for host speciﬁcity
[18]. To this end, we constructed GFP fusion proteins containing aa 
1–40 of N1 and N2 consensus sequences, to compare them with 
N8, a subtype not relevant to human infection and lacking the con- 
served juxtamembran e charged residues His 36 and Lys 38 
(Fig. 1E). While N1 and N2 consensus signal anchors correspond 
to original subtype isolate sequences isolated from human hosts, 
N8 consensus signal anchors represent a mixture of sequences ob- 
tained from equine and avian hosts (Fig. 1C).
The signal anchor-contain ing residues 1–40 of NA consensus 
subtypes N1, N2 and N8 mediate targeting of GFP fusion proteins 
to the plasma membran e albeit with varying efﬁciencies
The constructs comprising the TMD-contai ning residues 1–40 of 
NA consensus sequences of either subtype N1, N2, N8 were tran- 
siently transfected in HeLa Kyoto cells for 48 h. The plasma mem- 
brane was stained using Alexa 647-conjuga ted WGA. Confocal 
microscop y of plasma membran e sections was performed and re- 
vealed that the respective Neuramini dase peptides are detected 
at the plasma membrane, however, with differing intensities . Nota- 
bly, the amount of recombinant N1 peptides at the plasma mem- 
brane in equilibrium after 48 h of transient transfection clearly 
exceeds that of N2 and N8 (Fig. 2A). In addition to its presence at 
the plasma membran e, all signal anchor fusion proteins colocalized 
to some extent with markers of ER, cis-Golgi and TGN (Supplemen-
tary Fig. 2A–C). No signiﬁcant colocalization was observed with the 
early endosome marker EEA1 (Supplementary Fig. 2D ), suggesting 
that differences in the extent of endocytos is were not responsib le 
for the difference intensities observed at the plasma membran e. 
In order to quantify the extent of recombinant NA peptides at 
the plasma membran e at equilibrium as a function of the respec- 
tive expression level of individua l cells, ﬂow cytometry experi- 
ments were performed . HeLa cells were transient ly transfected 
for 48 h with vectors coding for NA-signal anchor consensus pep- 
tide fusion proteins. The cells were incubated with polyclonal rab- 
bit anti-GFP antibodie s and immunosta ined with allophycocy anin 
(APC)-coupled anti-rabb it antibodies, dissociated and analyzed by 
ﬂow cytometry (BD Biosciences ) to quantify cell surface localized 
NA-signa l anchor-GFP proteins. Although the distribution of GFP 
ﬂuorescence intensity in the FACS analysis arising from transient 
transfecti ons of the signal anchor-GFP fusions was on average 
compara ble, signiﬁcant differenc es were observed in the extent 
of cell surface localization of the various NA-GFP fusion proteins 
(Fig. 2C–D). Surface (plasma membrane) staining of N1-transfected 
cells was almost linear with respect to the expression level of 
respective cells, N2-transfec ted cell surfaces were less APC- 
positive with increasing amounts of recombinant protein, and 
N8-transfec ted cells exhibited an even further reduced surface 
staining (Fig. 2C). In each experiment, 10 000 cells expressing NA 
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of nine independen t FACS experiments for N1, N2 and N8 consen- 
sus fusion peptides were conducted and demonstrate a 5-fold in- 
crease of N1 consensus peptides at the plasma membrane over 
N2, and a 20-fold increase of N1 over N8 peptides (Fig. 2D, right pa- 
nel). All constructs exhibited a plasma membrane staining signiﬁ-
cantly higher than cells transfected with (cytoplasmic) GFP 
plasmid or mock-transfec ted and immunosta ined cells (Fig. 2D).
Interestingl y, an identical pattern of surface staining was observed 
in DFJ8 chicken embryonic and mouse embryonic ﬁbroblast cells, 
implying that the observed magnitudes of surface staining do not 
correlate with host membrane speciﬁcity for the 40-residue con- 
sensus peptides (data not shown).
To analyze the fraction of NA signal anchor-GF P fusion protein 
residing at the plasma membrane and to obtain ratiometric esti- 
mates of the material located at the plasma membrane, a surface 
biotinylation and streptavidin pull-down approach was employed. 
Cells were transfected for 48 h with the respective constructs, pro- 
teins at the plasma membrane were biotinylated and precipitated 
with streptavid in-coupled beads (Fig. 2B). Notably, two bands are 
visible for the different constructs, with the lower band migrating 
at the same height as cytoplasm ically expresse d GFP (Fig. 2B). N1- 
GFP fusions were found on average at 7.4% at the plasma mem- 
brane, and the difference between N1- and N2- or N8-GFP fusions 
at the plasma membran e did not signiﬁcantly differ from the dif- 
ferences observed in the FACS approach (Fig. 2D). Cytoplasmically 
expressed GFP, in line with the FACS data, did not give rise to sig- 
niﬁcant fractions detectable at the plasma membrane (<0.4% of to- 
tal GFP).
In order to test if the conserved residue His 36 is important for 
cell surface localization of N1 and N2 fusion proteins, we expressed 
N1 and N2 variants with His 36 being replaced by an apolar 
Leu residue. FACS analysis showed that only in case of N1 mutation 
of His 36 resulted in a signiﬁcant loss of cell surface localization 
of the fusion protein (Fig. 2E). In case of N2 neither His 36, nor 
the conserved Lys 38, or a combinati on of both seems to be 
important for cell surface localization of the N2-GFP fusion 
protein.
As subtype N1 contains a signature reminiscent of the recently 
described sphingolipid binding motif within p24, we investigated 
cell surface localization of a variant with the aromatic Trp within 
this putative motif replaced by a Leu. As in case of H36L, we ob- 
served a signiﬁcant reduction of the material detectable at the 
plasma membrane (Fig. 2E), with a double mutant W33L/H36L dis- 
playing a further reduced cell surface exposure of the respective 
N1-GFP fusion protein. 
4. Discussion 
Both Inﬂuenza A HA and NA were described to localize to deter- 
gent-resistant fractions of plasma membranes (for review see [6]),
representing Inﬂuenza A viral exit sites. Importantly, the TMD of 
N1 subtype was suggested to contain an unidentiﬁed sorting signal 
for efﬁcient targeting to the apical plasma membran e of polarized 
host cells [17]. A recent report indicates that a particular N1-de- 
rived N-terminal 74mer is sufﬁcient for targeting to the plasma 
membrane of mammalian cells, however, the constructs used in 
this report contained large portions of the stalk region of NA, which 
appears to be crucial for tetrameriza tion [18].
Here, we aimed at mapping the minimal structures critical for 
plasma membrane targeting of NA to TMD-containing amino-ter- 
minal 40mers. In order not to bias for individual sequence features 
of distinct isolates, we analyzed the TMDs by generating consensus 
sequences based on 100% redundancy reduced datasets of revised 
UniProtKB/Swi ss-Prot entries of NA N1-N9 (Supplementary Tables 
1–2, Fig. 1A ). Except for the N-terminal aa 1–6, little conservation between the TMDs of the different subtypes was observed. When 
comparing those subtypes relevant for human infection (Fig. 1B),
a conserved His and Lys diad was observed at positions 36 and 38. 
In summary, we ﬁnd that the consensus 40mers of N1, N2 and 
N8, which lack the stalk and sialidase domain of NA, are sufﬁ-
cient to target to the plasma membrane of HeLa cells by two 
independen t approaches. In addition, and notably, the efﬁciency
of export of aa 1–40 of N1 exceeds that observed for N2 by a fac- 
tor of 5, and that observed for N8 by a factor of 20 (Fig. 2D). The 
fact that two bands were obtained upon expressing the signal an- 
chor fusions, with the lower band migrating in SDS–PAGE at a
height correspondi ng to cytoplasmatical ly expresse d GFP indi- 
cates proteolytical processing of the fusion proteins (Fig. 2B).
For N1-GFP, the lower band seemed consistently reduced. It is 
tempting to speculate that the relative retention of N2- and 
N8- signal anchor fusions in the secretory pathway (Supplemen-
tary Fig. 2) gives rise to increased proteolyti cal processing. N1 
more efﬁciently partitions to the plasma membrane, and thereby 
might increasingly escape proteolytical degradat ion. The relative 
length and hydrophobici ty of the respective TMDs of individua l
subtypes are likely to play a role in conferrin g compatibilit y to 
Inﬂuenza A exit sites at the plasma membrane, which are charac- 
terized by an enrichme nt of sphingolipids and cholesterol [12].
We propose that distinct sequence features of NA-TMDs located 
in the exoplasmic leaﬂet of host membran es (enriched in sphin- 
golipids) additionally modify the afﬁnity of NA subtypes to viral 
exit sites. Juxtamem brane charged residues outside the exoplas- 
mic leaﬂet, like the highly conserved His 36 and Lys 38, might fa- 
vor contacts to the carbohyd rate-containing lipidic head groups 
of certain glycosphingoli pids (e.g. as reported in [22]). Interest- 
ingly, the consensus sequence of subtype N1 lacks the Lys 38 res- 
idue, yet contains a p24 protein-like cluster of beta-branch ed Ile 
residues in combination with an aromatic Trp residue in position 
33 [21]. Mutation of residue Trp 33, which is unique to subtype 
N1, results in a reduction of cell surface localization in equilib- 
rium. Interestingl y, mutation of His 36 to Leu again signiﬁcantly
reduced the extent of plasma membran e partitioning of N1, but 
not of N2 signal anchors (Fig. 2E). Based on the observation that 
pandemic Inﬂuenza A strains frequent ly contain NA subtype N1, 
together with the higher efﬁciency in plasma membrane target- 
ing of N1 compared to N2 peptides, we speculate that this 
C-terminal difference in aa composition within the TMD might 
represent a sequence feature that favors export of N1 to viral exit 
sites at the plasma membran e [12]. Further studies are required 
to correlate TMD-sphingoli pid interactions of N1 and other sub- 
types with the efﬁciencies of signal anchor-mediat ed plasma 
membran e targeting observed. In context of varying infectivity 
of different Inﬂuenza A strains, the signal anchor of N1 subtypes 
might facilitate partitioni ng to viral exit sites by higher afﬁnity
for these sphingolipid and cholesterol enriched membran es, and 
hence promote viral budding and/or release. This may result in 
altered interactions amongst viral proteins as well, thus addition- 
ally modulating budding efﬁciency and Inﬂuenza A spreadin g. It 
can be further speculated that the increased afﬁnity of N1 for vir- 
al exit sites would rather represent an advantage in terms of the 
kinetics of the release of viral particles, than of the overall 
amounts released. An increase in targeting of NA to viral exit 
sites may contribute to an increase in spreading of N1-contai ning 
Inﬂuenza A virus infection, despite the complexity of factors that 
appear to inﬂuence the pathogenicity and pandemic potential of 
Inﬂuenza A infections [23]. Hence, the structural differenc es ob- 
served in the composition of the C-terminal moiety of the TMD 
of N1 with respect to other subtypes might serve as a structural 
template to speciﬁcally target partitioning of N1 to viral exit sites 
in host membranes and thereby inhibiting release of viral 
particles .
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Appendix A. Supplemen tary data 
Supplement ary data associated with this article can be found, in 
the online version, at http://dx.doi .org/10.1016/j. febslet.2013.03. 
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